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Abstract 


A  technique  for  measuring  x-ray  emissions  within  the  photon  energy  range  1 
keV  to  10  keV  is  described.  A  staggered  set  of  aluminum  absorbers,  supported  by 
kimfoil,  is  used  to  mask  x-ray-sensitive  film.  Response  functions  of  aluminum  and 
kimfoil  absorbers,  along  with  the  response  function  of  the  film,  provide  reasonable 
energy  discrimination.  Integrated  incident  energy  along  with  modest  spectral 
resolution  may  be  obtained  by  convolution  of  the  transmission  of  x-rays  through  the 
aluminum  absorber  stack  and  the  exposed  film  density.  Synthetic  and 
experimental  data  are  presented.  For  discrete  photon  energies,  within  the  range 
noted,  at  least  ±0.5  keV  resolution  is  realized. 

I.  Introduction 

Photographic  films  sensitive  to  x-radiation  have  been  used  extensively  in  the 
diagnoses  of  plasmas[l-4].  Energy  discrimination  and/or  spectral  information  is 
typically  realized  by  filtering,  bent  crystals  or  grazing  incidence  gratings,  or  a 
combination  thereof.  The  degree  of  film  exposure  subsequently  provides  a  measure 
of  the  x-ray  fluency,  provided  that  the  film  sensitivity  is  known. 

In  this  paper  we  describe  a  simple  method  for  determining  the  primary 
constituents  of  low-energy  x-radiation  and  the  total  associated  energy,  over  a  range 
of  approximately  1  keV<hv<10  keV,  generated  from  experiments  at  the  SHIVA  star 
capacitor  bank  facility  of  Phillips  Laboratory.  In  these  experiments  a  magnetized 
neon  plasma  is  accelerated  to  approximately  20  cm/ps  and  stagnated  against  a 
target,  resulting  in  generation  of  x-radiation.  Kodak  Direct  Exposure  Film  (DEF), 
as  described  below,  is  exposed  to  the  radiation  for  the  duration  of  the  stagnation. 
The  purpose  of  the  x-ray  measurements  described  herein  is  to  determine  the 
amount  of  trans-kilovolt  radiation  generated  during  the  plasma  stagnation. 

II.  Description  of  Film  Mask  and  Filtering 

Figure  1  depicts  the  film  holder  along  with  the  mask  used  in  obtaining  data. 
The  mask  consists  of  a  staggered  or  "stair-step"  stack  of  seven  layers  of  1.13  mg/cm2 
aluminum,  plus  a  single  strip  of  2.05  mg/cm2  aluminum  which  lies  perpendicular  to 
the  staggered  layers.  This  arrangement  provides  14  different  thicknesses  of 
absorber  through  which  the  radiation  passes  before  exposing  the  film.  Support  of 
the  mask  is  provided  by  a  thin  (0.287  mg/cm2)  kimfoil  whose  stoichiometric  formula 
is  C,RHMOr  The  effective  thicknesses  of  the  constituents  of  the  kimfoil  are  0.217 
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mg/cm  ,  0.0159  mg/cm  ,  and  0.0542  mg/cm2  for  carbon,  hydrogen  and  oxygen, 
respectively.  Preceding  the  entire  assembly  is  a  2.54xl01  cm  thick  (4.69  mg/cm2) 
beryllium  window.  From  Figure  2  it  may  be  seen  that  photons  with  energy  less 
than  about  1  keV  are  effectively  filtered  out  by  the  beryllium  before  reaching  the 
masked  film  arrangement.  Those  photons  which  are  not  filtered  out  by  the 
beryllium  suffer  some  attenuation  by  the  kimfoil  support.  For  a  given  x-ray  photon 
energy  Ev,  with  total  intensity  Io  incident  onto  the  mask,  the  intensity,  In,  reaching 
the  film  becomes 

x„  =Un  exp(-p(Ev)T  ]  }T,  (1) 

where  m(Ev)  is  the  absorption  coefficient  in  cm'/gm,  x,  is  the  combined  absorbei 
thickness  for  the  nth  (0<n<14)  layer  in  gm/cm2,  and  T  is  the  transmission  through 
the  kimfoil  support.  If  the  incident  radiation  is  not  monoenergetic,  some  spectral 
discrimination  may  be  realized,  provided  the  absorption  coefficients  and  kimfoil 
transmissions  are  sufficiently  different  for  the  photon  constituents  of  the  x-ray 
beam.  The  graph  of  Figure  3  shows  the  absorption  coefficients  in  aluminum  for 
photon  energies  of  interest  here.  We  can  then  say,  by  using  Eq.  1,  that  for  beams 
that  contain  photons  of  different  energies  the  total  intensity  exposing  the  masked 
film  through  the  nth  absorber  layer  may  be  written 

In  =  Ii{Iioexp[pi(ElV)xJ  }T,,  (2) 

where  the  summation  is  taken  over  the  discrete  photon  energies  making  up  the  y- 
ray  beam. 

Additional  photon  energy  discrimination  may  be  obtained  since  the  film 
exposure  is  dependent  on  photon  energy.  Henke  et  al.[4]  have  determined  the 
number  of  photons  required  to  yield  exposed  DEF  film  densities  (D)  over  the  range 
0.2  <  D  <  2.0  for  photon  energies  within  1  kev  <  Ev  <  10  keV.  Figure  4  shows 
representative  exposure  curves  for  photon  energies  of  1  keV,  2.5  keV,  5  keV  and  (0 
keV.  Convolution  of  Eq.  2  with  the  film  sensitivity  functions  should  therefcre 
provide  an  estimate  of  the  photon  energy  and  flux  which  leads  to  the  measured  fnm 
exposure. 

III.  Film  Data  and  Analysis 

No  attempt  was  made  at  time  resolution.  The  film  was  located  ~1  m  from  Tie 
x-ray  source  and  exposed  for  the  duration  of  the  plasma  stagnation.  Film 
developing  followed  the  procedure  as  outlined  by  the  manufacturer.  Figure  5  shows 

2 


a  digitized  image  of  DEF  film  which  has  been  exposed  through  the  mask  described 
earlier,  along  with  an  image  showing  grey-scale  enhancement  for  ease  of 
visualization.  Film  optical  density  is  measured  by  scanning  the  original  exposed 
film  with  a  microdensitometer,  determining  the  transmissivity  (TF)  of  the  film,  and 
calculating  the  film  density  (D)  by  D  =  login(l/TF).  Since  the  grain  size  in  the 
DEF  film  is  on  the  order  of  1.6  pm  (ref.  4),  the  densitometer  was  focused  to  a  beam 
diameter  of  approximately  20  pm  in  order  that  noise  due  to  graininess  be  smoothed. 

Density  measurements  performed  on  a  Kodak  standard  density  tablet,  whose 
density  range  is  0.06<D<3.02  in  steps  of  ~0.15,  show  that  a  multiplicative  correction 
factor  of  0.65  must  be  applied  to  measurements  made  with  the  microdensitometer 
(See  figure  6). 

An  iterative  program  is  used  to  fit  an  arbitrary  number  of  discrete  incident 
photon  energies  to  the  experimental  data.  Polynomial  functions  are  generated 
which  separately  describe  the  absorption  coefficients  in  aluminum,  transmission 
through  the  kimfoil  support,  and  film  response  for  each  fitted  photon  energy.  Some 
liberty  has  been  taken  with  the  data  of  reference  4  by  extrapolating  those  results  to 
0.9  keV  and  4.5  keV  by  using  sixth-order  polynomial  equations.  No  results  of  fitting 
experimental  data  suggest  the  presence  of  photon  energies  above  ~7.0  keV  and  fits 
containing  photon  energies  greater  than  7.0  keV  are  not  presented  here.  It  should 
be  noted  that  photon  energies  corresponding  to  absorption  edges  in  the  mask, 
kimfoil  support,  and  film  constituents,  have  been  avoided.  The  initial  photon 
intensities,  Ijo  (pm2*  in  Equation  2,  are  used  as  iterative  parameters.  Numbers  of 
photons  reaching  the  film,  after  passing  through  each  aluminum  absorber  and 
kimfoil,  are  calculated  and  these  photon  numbers  used  to  determine  the  resulting 
exposed  film  density,  D!n  (Here  n  refers  to  the  nth  absorber.).  Calculated  film 
densities  are  then  added  to  determine  the  total  film  density  according  to 

D„  =  S.D,,.  (3) 

and  comparison  made  between  fitted  film  density,  Dn(fit),  and  experimental  film 
density,  Dn(exp).  This  straight  forward  addition  of  film  densities  shown  in  Eq.  (3)  is 
likely  not  quite  correct,  due  to  the  nonlinear  nature  of  film,  however  no  immediate 
alternative  is  obvious.  Best  fit  is  determined  by  minimizing  En[Dn(exp) 
Dn(f  it )  ]\  The  results  of  fitting  an  array  of  photon  energies,  0.9  <  E:  <  7.0  keV, 
with  steps  of  ~0.2  keV  are  shown  in  Figure  7  and  Table  I.  These  results  strongly 
suggest  that  4.5-5.0  keV  photons,  and  perhaps  some  amount  of  1.5-2.0  keV  photons, 
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are  responsible  for  the  film  exposure.  The  best  candidate(s)  for  the  lower  energy 
photons  is  multiply  ionized  iron  (Fe+22  and  Fe+21)  since  the  stagnation  target  was 
stainless  steel.  Several  Fe422  and  Fe4M  lines  lie  within  the  range  of  1.5  keV  <  En  <  2.0 
keV.  No  immediate  explanation  for  the  presence  ~5  keV  photons  has  been  found. 

For  completeness,  Figure  8  and  Table  II  show  the  best  fit  for  the  film  region 
masked  only  by  the  seven-layered  stack  of  1.13  mg/cm2  aluminum.  The  measured 
densities  are  somewhat  more  noisy  than  those  found  for  the  mask  which  included 
the  2.05  mg/cm2  strip  of  aluminum  however  the  fit  supports  the  results  of  Figure  7 
and  Table  I. 

Assuming  a  uniform  distribution  over  the  entire  solid  angle,  the  total  energy 
contained  in  the  4.5-5.0  keV  radiation  from  the  region  of  the  stagnating  plasma  is 
only  about  5  mJ.  Similarly,  for  the  1.8  keV  xrays,  after  accounting  for  transmission 
through  the  beryllium  filter,  a  total  of  ~0.2  J  of  radiated  energy  from  the  stagnating 
plasma  is  seen. 

IV.  Simulations 

Slight  departures  between  the  calculated  and  measured  densities  may 
conceivably  be  due  to  a  mixture  of  photon  energies  with  varying  intensities.  Indeed 
the  entire  set  of  observed  film  densities  might  be  due  to  a  continuum  of  x-rays  with 
some  appropriate  intensity  distribution.  Unless  the  x-radiation  is  comprised  of 
discrete  photon  energies  separated  by  -0.5  keV,  or  at  least  well  separated 
absorption  coefficients  and  film  sensitivities  giving  clear  breaks  in  the  film  density 
vs  absorber  thickness,  it  is  not  likely  that  better  energy  resolution  than  shown 
above  is  obtainable.  By  way  of  illustration,  we  consider  several  hypothetical  cases, 
all  of  which  assume  the  mask  consists  of  the  2.05  mg/cm2  strip  overlaying  the  stack 
of  1.13  mg/cm2  aluminum  and  supported  by  0.28  mg/cm2  kimfoil: 

A.  A  beam  of  x-radiation  is  made  up  of  discrete,  reasonably  separated, 
photon  energies. 

B.  Black  body  continuum  simulations. 

C.  An  upper  limit  of  detectability  for  0.9  keV  xrays  is  estimated  and  an 
upper  limit  of  0.9  keV  xrays  estimated  for  the  experimental  data. 

A.  Synthetic  sets  of  DEF  film  exposures  are  generated  for  various 
combinations  of  up  to  four  discrete  photon  energies.  We  then  assume  an  incident 

flux  of  xrays,  given  by  the  sum  of  the  individual  fluxes  incident  onto  the  masked 
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film  apparatus  and  calculate  film  densities  after  exposure  through  the  mask  and 
support.  Since  we  do  not  anticipate  better  energy  resolution  than  0.5  keV,  steps  on 
the  order  of  0.2  keV  have  been  used  over  the  photon  energy  range  0.9  <  E;  <  7.0  keV 
for  fitting  the  synthetically  generated  film  exposure.  Photon  energies  at  absorption 
edges  of  the  absorbers  and  film  were  again  avoided.  The  resulting  film  density  due 
to  the  simulated  exposure  from  each  x-ray  energy  used  is  assumed  to  be  given  by 
Eq.  (3).  As  noted  earlier,  we  recognize  this  simple  addition  as  not  being  quite 
correct  since  density  is  not  a  linear  function  of  exposure.  The  incident  areal  density 
(pm  2)  of  each  photon  energy  is  a  parameter  which  the  program  iterates  until  a  best 
fit  is  obtained  when  compared  to  the  synthetically  generated  film  densities.  A 
variety  of  combinations  of  photon  energies  were  used  in  the  generation  of  synthetic 
film  exposures  (densities)  and  in  the  iterative  fitting  of  these  data.  Table  III 
summarizes  the  results  of  four  of  these  calculations  and  certain  trends  are  evident. 
The  fitting  process  usually  introduces  some  amount  of  photon  density  at  slightly 
lower  energy.  We  believe  that  these  contributions  are  due  to  small  inaccuracies  in 
the  sixth-order  polynomial  functions  used  for  calculating  exposed  film  densities  as 
functions  of  incident  photon  densities.  It  can  also  be  seen  that  for  incident  photon 
energies  whose  aborption  coefficients  in  aluminum,  and  transmission  through  the 
kimfoil,  do  not  differ  significantly  (See  fit  for  1.5  keV,  3.2  keV,  and  6.0  keV 
photons.),  the  simulations  show  greater  uncertainty  in  the  assignment  of  incident 
photon  densities,  however  assignment  of  photon  energies  for  best  fit  of  simulated 
data  are  still  well  within  the  aforementioned  resolution  limits  of  ±0.5  keV.  For 
xray  energies  that  differ  by  ~0.3  keV  but  whose  absorption  coefficients  are 
significantly  different  (See  fit  for  1.5  keV,  1.8  keV,  and  6.0  keV  photons.)  it  appear, 
from  simulations,  that  the  masked  film  technique  should  work  very  well. 

B.  Although  the  plasma  in  this  experiment  is  not  predicted  to  reach 
temperatures  greater  than  several  tens  of  eV  [5],  it  seems  worth  while  to  consider 
the  response  of  the  masked  film  system  to  a  continuum  of  radiation.  Choosing  500 
eV  as  a  black  body  temperature,  calculations  have  been  made  to  determine  the 
expected  film  density  due  to  such  radiation  incident  onto  the  masked  film  device. 
This  temperature  was  chosen  since  the  peak  emission  occurs  around  energies  that 
are  well  suited  for  the  masked  film  and  that  might  also  approximate  the 
experimental  data.  The  reader  is  reminded  that  a  beryllium  window  precedes  the 
aluminum  mask  and  this  will  effectively  filter  out  low  energy  radiation  up  to  ~1 
keV  for  the  case  of  moderate  intensities.  The  effects  of  the  beryllium  window  are 
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included  in  these  calculations.  At  500  eV,  the  photon  distribution  from  a  black  body 
falls  off  quickly  as  photon  energies  approach  ~20  keV.  The  net  effect  is  that  the 
radiation  incident  onto  the  aluminum  mask  is  peaked  near  a  photon  energy  of  5 
keV.  Figure  9  shows  the  results  of  the  black  body  calculation  and  compares  it  with 
the  experimental  results.  It  is  unlikely  that  a  stagnating  magnetized  plasma 
radiates  exactly  as  a  black  body  since  the  stagnation  process  is  surely  not  an 
equilibrium  state.  However,  it  is  clear  that  a  continuum  of  incident  radiation  might 
yield  the  exposure  which  has  been  attributed  to  a  beam  made  up  of  a  few  discrete 
photon  energies. 

To  estimate  the  capability  of  the  masked  film  device  for  response  to 
coninuum  sources,  a  simulated  exposure  has  been  calculated  for  radiation  from  a 
500  eV  blackbody.  A  least-squares  fit  of  a  blackbody  distribution,  with  photon 
density  and  temperature  as  fitting  parameters,  has  then  been  performed  on  the 
simulated  exposure.  Results  of  this  simulation  suggest  that  the  device's  response  to 
a  continuum  is  reasonably  reliable,  however  the  blackbody  temperature  determined 
by  the  fit,  4  30  eV<Tru<4  50  eV  is  slightly  lower  than  the  simulated  temperature. 
Graphs  of  this  simulation  are  found  in  Figure  10. 

C.  Although  the  DEF  film  has  only  been  characterized  for  photon  energies 
above  1  keV  [4],  it  is  useful  to  estimate  the  response  of  the  masked  film  system  to 
sub-kilovolt  photons.  Of  particular  interest  are  those  xrays  expected  from  helium¬ 
like  neon  (Ne*R)  since  the  primary  constituent  of  the  experimental  plasma  was 
ionized  neon.  The  most  intense  radiation  from  Ne+R  is  expected  to  be  from  the  Is2  - 
ls2p  configuration  (0.913  keV).  An  extrapolation  of  the  Henke  data  [4.1  in  order  to 
obtain  DEF  film  response  for  0.900  keV  photons  seems  reasonable  since  there  are 
no  xray  absorption  edges  within  the  range  0.9  keV  <  En  <  1.0  keV  for  the  film 
constituents.  Such  an  extrapolation  has  been  accomplished  by  a  polynomial  fit  and 
is  shown  in  Figure  10.  Synthetic  data  are  generated  assuming  fixed  incident 
densities  of  32.8  pm2,  0.30  pm2,  and  0.30  pm2  for  1.8  keV,  4.5  keV,  and  5.0  keV 
photons,  respectively,  and  densities  of  10.0,  5.0,  1.0,  and  0.5  pm2  for  0.9  keV 
photons.  In  each  case  the  assumption  has  been  made  that  the  film  density  due  to 
each  photon  energy  is  simply  additive.  The  results,  shown  in  the  bar  graphs  of 
Figure  11,  suggest  that  fits  for  incident  densities  less  than  1.0  pm  2  of  0.9  keV 
photons  are  not  reliable  (-50%  error),  even  for  errorless  data.  The  apparent 
systematic  error  seen  in  the  results  are  due  to  the  choice  of  tolerance  for  the  fit. 

Less  error  has  been  obtained,  but  not  shown  here,  by  requiring  more  stringent 

6 


tolerances  of  the  fit  routine.  It  is  clear,  however,  that  exposure  due  to  more  than  one 
incident  0.9  keV  photon/pm'2  would  be  readily  discemable  in  conditions  of  low-noise 
film  density.  Figure  12  shows  an  overlay  of  the  experimental  data  and  synthetic  data, 
assuming  sufficient.  0.9  keV  photons  (20  pm'2)  to  yield  a  film  density  corresponding  to 
the  maximum  experimental  error  while  keeping  the  1.8  keV.  4.5  keV.  and  5.0  keV 
incident  fluxes  fixed  at-  worst-  fit  values  taken  from  Table  1  (33.0,  0.30,  and  0.31  pm'2, 
respectively).  When  the  filtering  effects  of  the  beryllium  window  are  accounted  for,  a 
maximum  experimental  total  radiated  energy  due  to  0.9  keV  photons  is  found  to  be  only 
-1.7  J,  assuming  isotropic  mission.  The  masked  film  device  should  therefore  be  able  to 
determine  rather  low  levels  of  radiation  for  photon  energies  around  0.9  keV  in  the 
presence  of  other  higher,  discrete  photon  energies. 

The  0.9  KeV  isotropic  equivalent  yield  that  is  consistent  with  the  filtered  film  array 
exposure  data  is  -  1 .7  joules.  The  viewing  direction  was  normal  to  the  axis  of  the 
cylindrical  plate  target,  at  approximately  grazing  incidence  to  the  stagnation  target 
surface,  so  the  view  may  have  been  limited  to  target  plasma  before  and  after  peak 
compression,  rather  than  during  peak  compression  or  including  the  target  surface  itself. 
Data  from  other  diagnostics  with  lines  of  sight  at  120  to  180  degrees  different  azimuth 
indicated  considerably  higher  isotropic  equivalent  yields  at  -0.9  KeV.  Two  dimensional 
magneto-hydrodynamic  simulations  indicate  that  almost  all  of  the  radiation  emission  is 
from  a  region  of  the  stagnated  plasma  that  is  very  close  to  the  target  surface  (<  mm),  and 
is  emitted  rapidly  during  peak  compression.  A  slight  tilt  of  the  target  surface  could  easily 
result  in  large  anisotropy  of  observed  emission  during  peak  compression  for  this 
observation  geometry. 

Nevertheless,  the  filtered  film  array  diagnostic  technique  is  a  simple,  inexpensive,  passive 
diagnostic  that  is  a  useful  complement  to  other  Vacuum  Ultra  Violet  and  X-ray 
diagnostics. 

V.  Conclusions  and  Discussion 

The  use  of  an  aluminum  mask  arranged  in  steps  of  equal  thickness  has  been  used 
to  provide  variation  in  DEF  film  density  due  to  x-ray  exposure.  The  resulting  film  density 
is  then  compared  to  calculated  film  density  based  on  aluminum  absorber  thickness  and 
photon  flux  required  to  yield  known  exposed  film  optical  densities.  Results  of  this 
technique  suggest  photon  energy  resolution  on  the  order  of  ±0.5  keV  is  possible  for  x-ray 
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beams  comprised  of  few-keV  photons.  Exposed  film  density  then  allows  an  estimate  of 
the  total  energy  of  the  x-ray  beam  which  exposed  the  film.  Simulations  indicate  that  less 
reliable  photon  numbers  might  be  expected  when  absorption  coefficients  of  the  mask 
material  have  similar  values. 

Calculations  also  demonstrate  that,  under  certain  conditions,  a  continuum  of  radiation 
may  yield  nearly  the  same  film  exposure  as  a  beam  comprised  of  a  few  discrete  photon 
energies  for  the  absorber  mask  described  here.  It  would  be  a  simple  matter,  however,  to 
discriminate  between  such  scenarios  by  simultaneously  using  more  than  one  absorber 
mask  whose  absorption  characteristics  differ  sufficiently.  The  success  of  this  technique 
clearly  depends  upon  the  widely  differing  responses  of  the  absorber  mask,  kimfoil,  and  x- 
ray  film  to  the  radiation  interacting  with  these  components.  It  should  be  emphasized  that 
the  simulations  presented  here  surely  do  not  exhaust  all  possibilities.  Of  particular 
significance  are  those  photon  energies  that  coincide  with  absorption  edges  in  absorbing 
materials  and  x-ray  film.  Future  use  of  the  masked  film  as  an  x-ray  diagnostic  should,  in 
addition,  use  some  material  whose  absorption  edges  are  well  removed  from  those  of  the 
materials  used  here.  It  would  be  a  simple  matter,  for  example,  to  include  absorbers  of 
aluminum  on  one  half  of  the  film  and  some  other  suitable  material  on  the  other  half. 
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exposure  due  to  incident  x-radiation, 


3000 


Figure  2.  Absorption  coefficient  in  beryllium  for  photon  energies  0.6  keV<Ev^10  keV. 


Figure  3.  Absorption  coefficient  in  aluminum  for  photon  energies  0.6  keV<Ev<10  keV. 
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Figure  4.  Representative  curves  showing  incident  photon  density  (pm'4) 
required  to  expose  DEF  film  (Henke4  et  al.). 
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Figure  5.  Top:  Digitized  sample  of  DEF  film  exposed  by  x-radiation,  from 
stagnating  magnetized  neon  plasma,  after  passing  through  the  window 
and  mask.  Darkest  area  corresponds  to  greatest  exposure. 

Bottom:  Computerized  grey  level  enhanced  view. 

(For  visualization  purposes  only.) 
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density  measured  on  densitometer 


Figure  6.  Graph  of  standard  Kodak  Tablet  density  vs  that  measured  with 
the  densitometer  showing  that  densitometer  measurements  must  be 
corrected  by  a  factor  of  0.65. 


-2  0  2  4  6  8 

number  of  1.13  mg/cm  absorbers 


Figure  7.  Experimental  and  fitted  densities  of  DEF  film  exposed  to  x-radiation 
which  has  passed  through  a  2.05  mg/cm2  aluminum  strip,  7  staggered  layers 
of  1.13  mg/cm2  aluminum,  and  0.287  mg/cm2  kimfoil.  Errors  on  experimental 
points  are  due  to  uncertainties  in  densitometer  readings  of  the  film. 
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-2  0  2  4,6  8 


number  of  1.13  mg/cm  absorbers 

Figure  8.  Experimental  and  fitted  densities  of  DEF  film  exposed  to  x-radiation 
which  has  passed  through  7  staggered  layers  of  1.13  mg/cm2  aluminum  and 
0.287  mg/cm2  kimfoil.  Errors  on  experimental  points  are  due  to 
uncertainties  in  densitometer  reading  of  the  film. 


Al  absrrber  thickness  (mg/cm  ) 


Figure  9.  Graphical  result  i  comparing  experimental  film  exposure  due  to 
the  stagnating  magnetized  plasma  and  calculated  exposure  due  to 
radiation  from  a  500-eV  black  body. 
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Figure  10.  Results  of  simulated  fit  for  exposure  of  masked  fil  to  500  eV  black 
body  radiation.  Inset  shows  a  plot  of  the  sum  of  squared  residuals  between 
simulation  and  fit  as  a  function  of  black  body  temperature. 
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Figure  11.  Extrapolation  of  Henke4  data  to  0.9  keV  photons  by  using 

sixth-order  polynomial  fit. 


incident  0.9  keV  photons  used  in  simulation 


Figure  12.  Estimation  of  lower  limit  of  detectability  of  0.9  keV  x-rays  from  results 
of  fitting  a  simulated  x-ray  exposure  of  DEF  film  through  a  2.05  mg/cm2  strip  of 
aluminum,  7  staggered  layers  of  1.13  mg/cm2  aluminum,  and  0.287  mg/cm2  kimfoil. 
In  each  case  the  0.9  keV  x-rays  are  mixed  with  1.8  keV,  4.5  keV,  and  5.0  keV  x-rays 
with  densities  of  32.8  pm  2,  0.30  pm2,  and  0.30  pm2,  respectively. 
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Figure  13.  Comparison  of  experimental  data  and  simulation  estimating  an  upper 
limit  for  0.9  keV  radiation  from  the  stagnating  plasma.  Calculated  exposure  is 
based  on  an  incident  density  of  20.00  pm'2,  33.00  pm'2,  0.30  pm  2,  and  0.31  pm'2 
for  0.9  kev,  1.8  keV,  4.5  keV,  and  5.0  keV  photons,  respectively. 


> 
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Table  I.  Fits  of  experimental  data  from  2.05  mg/cm2  aluminum  strip  on  1.13  mg/cm2 
aluminum  stack 


photon  energies  fitted 
(keV) 

fitted  incident  photon 
density 
(pm2) 

sum  of  square  of 
residuals  between  fit  and 
experiment 

1.5 

7.7(-08)f 

1.8 

3.9(+01) 

2.0 

1.9(-06) 

2.4 

7.1(-07) 

2.8 

4.3(-07) 

3.0 

3.0(-07) 

2.8(-03) 

3.2 

3.2(-07) 

4.0 

2.5(-08) 

|  4.5 

1.3(-01) 

1  5.0 

4.8(-01) 

|  6.0 

2.6(-09) 
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Table  1.  Continued 


0.9 

5.6(-07) 

1.2 

2.4(-08) 

1.5 

2.3(-09) 

1.8 

3.4(+01) 

2.0 

5.K-08) 

2.2 

4.0(-08) 

2.6 

1.8(-08) 

3.5(-03) 

2.8 

2.8(-08) 

3.2 

5.4(-09) 

4.0 

7.5(-10) 

4.5 

2.5(-01) 

5.0 

3.5(-01) 

6.0 

9.3(-ll) 
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Table  I.  (continued) 


0.9 

3.5(-08) 

1.0 

9.61-09) 

1.4 

3.6C-10) 

1.5 

1.7(-10) 

1.8 

3.3(+01) 

2.0 

3.4(-09) 

3.71-03) 

3.2 

3.8(-10) 

4.0 

5.6(-ll) 

4.5 

3.0(-01) 

5.0 

3.1(-01) 

6.0 

8.81-12) 

tNumbers  in  parentheses  denote  exponent  on  10. 
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Table  II.  Fit  of  experimenta 

data  from  stack  of  1. 13  mg/cm2  aluminum 

photon  energies  fitted 
(keV) 

fitted  incident  photon 
density 
(Min'2) 

sum  of  square  of  residuals 
between  fit  and 
experiment 

1.0 

2.0(-07)f 

1.2 

8.3(-08) 

1.4 

3.4(-08) 

1.5 

2.1(-08) 

1.8 

3.2(00) 

2.0 

l.K-08) 

6.1(-02) 

2.6 

2.5(-08) 

3.2 

2.2(-08) 

4.0 

8.2(-09) 

4.5 

3.2(-09) 

5.0 

5.2(-01) 

6.0 

1.2(-01) 

fNumbers  in  parentheses  denote  exponents  on  10. 
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Table  III.  Results  of  fits  of  simulated  DEF  film  exposures  through  a  2.05  mg/cm2 
aluminum  strip  on  a  7-layer  stack  of  1.13  mg/cm2  aluminum. 


photon  energies 
used  in  fit 
(keV) 

photon  density 
used  in  simulation 

(pm-2) 

photon  density 
fitted 
(pm2) 

sum  of  squares  of 
residuals  between 
fit  and  simulation 

0.9 

0 

6.9(+01)f 

1.0 

10 

5.3(-10) 

1.2 

0 

4.1(-10) 

1.4 

0 

1.5(-10) 

1.5 

0 

7.4(-ll) 

1.8 

0 

1.5(+01) 

8.9(-07) 

2.0 

20 

9.0(+00) 

3.2 

0 

l.l(-lO) 

4.0 

0 

2.4(-ll) 

4.5 

0 

7.2(-02) 

5.0 

0.6 

5.3(-01) 

6.0 

0 

6.7(-12) 
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Table  III,  (continued) 


0.9 

0 

2.9(-15) 

1.0 

0 

3.4(-16) 

1.2 

0 

8.2(-18) 

1.4 

0 

5.3(-19) 

1.5 

2.0 

1.3(00) 

1.8 

0 

5.3(-15) 

2.0(-07) 

2.0 

0 

1.2(-15) 

3.2 

0.5 

2.7(-01) 

4.0 

0 

1.5(-01) 

4.5 

0 

2.9(-01) 

5.0 

0.6 

4.0(-01) 

6.0 

o 

4.6(-19) 
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Table  III,  (continued) 


1.0 

0 

1.6(-09) 

1.2 

0 

4.8(-10) 

1.4 

0 

1.2(-10) 

1.5 

0 

5.3(-ll) 

1.8 

0 

5.9(+01) 

2.0(-05) 

2.0 

20 

6.5(00) 

2.6 

0 

l.l(-09) 

3.2 

0 

1.2(-10) 

4.0 

0 

1.7(11) 

4.5 

0 

6.4(-02) 

5.0 

0.8 

7.2(-01) 

6.0 

0 

5.8(-12) 

Table  III,  (continued) 


019 _  0  2.2(-15) 


M _  0  3.3(-15) 


0  1.4(-16) 


0  9.8C-18) 


0.7  4.9(-01) 


_  0  1.0(-13) 


20  0  1.8(-14) 


3^ _  1.0  9.9(-01) 


4-0  0  1.5(-02) 


4.5  0  1.5(-11) 


5.0  0  1.3(01) 


6.0  0.5  3.9(-01) 


fNumbers  in  parentheses  denote  exponents  on  10. 
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